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Small leucine-rich proteoglycans (SLRPs) regulate extracellu-
lar matrix organization. In order to investigate the distribution and
potential functions of decorin, biglycan (BGN), and fibromodulin (3
SLRPs, potentially related to dentinogenesis), we performed light
and electron immunochemistry on teeth from rats, and on wild-
type and biglycan knockout mice (BGN KO). Immunohistochem-
ical data demonstrate that chondroitin sulfate/dermatan sulfate
(CS/DS) and keratan sulfate (KS) distributions displayed reverse
gradients in predentin. The decrease of CS/DS labeling from the
proximal to the distal predentin contrasted with the sharp decorin
increase observed in the distal predentin near the predentin/dentin
transition, an effect possibly attributable to the deglycosylation
action of stromelysin-1. In contrast, BGN concentration was ap-
parently constant throughout the whole predentin. Additional im-
munolabelings showed, for the first time, the presence of fibromod-
ulin in predentin. Compared with the wild-type mouse, the mean
diameter of collagen fibrils in the BGN KO was smaller in the prox-
imal predentin but larger in the central and distal predentin, the
metadentin was broader, and the dentin mineralization appeared

temporal and spatial pattern of expression, implying that GAGs
and PGs may have some functional implications in dentino-
genesis [for review, 1-3]. We have previously shown that two
distinct groups of sulfated GAGs are secreted by odontoblasts.
The first group is secreted together with collagen fibrils in the
proximal predentin, near the odontoblast cell bodies, whereas
the second group is secreted distally, at the border where dentin
undergoes mineralization [4]. CS/DS and KS-containing GAGs
have been immunolocalized in dentin [5, 6]. These GAGs are
present in small leucine-rich proteoglycans (SLRP) [7, 8]. Five
SLRPs (decorin, biglycan, fiboromodulin, lumican, and osteoad-
herin/osteomodulin) are known to be components of the pre-
dentin and dentin matrix [2, 3, 6, 9-12]. Decorin (DCN) and
biglycan (BGN) are two CS/DS SLRPs, while fiboromodulin
(FM), lumican (LM), and osteoadherin/osteomodulin are pri-
marily substituted with KS chains. Although SLRPs are present
in predentin and dentin matrices, their role in dentinogenesis

altered and heterogeneous. Altogether, our data suggest an impor- needs further clarification.

tant role for BGN in dentin formation and mineralization.

In predentin, gradients of GAG distribution that may have
some functional implications have been visualized [5, 6]. There,
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Proteoglycans.

INTRODUCTION

bly from the proximal area, where nascent collagen fibrils are
secreted to the distal area and where before being mineralized,
mature collagen fibrils are incorporated into dentin (13). Con-

Biochemical analyses have established that glycosaminogjeting views have been expressed on the role of SLRPs in the

cans (GAGS), covalently attached to a protein core as proteoghitial mineral formation. PGs have been considered either as

cans (PGs), are critical components of the predentin and dentitcleators of mineralization, acting as a cation-exchanging cal-

extracellular matrix. Histochemical and radioautographic invesium reservoir, or as inhibitors. The conclusions of these exper-

tigations also demonstrate that the distribution of GAGs and P®3ents strongly depended on the biological or in vitro models

in dentin and predentin is different, showing a highly controllethat were used and also whether the experiments were carried

out in aqueous solutions, in gels, on a solid surface [14-18].
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TABLE 1
Observations with light microscope immunostaining in the mouse first molar at day 1.

Presecretory and

Pulp Od Predentin Dentin secretory ameloblasts Enamel organ
Decorin + + ++++4+ =+ DEJunderlined ++ Junction ameloblasts/St++
Biglycan ++  ++ S+t + ++ Junction ameloblasts/SI
++++ (Sl+++)
Fibromodulin =+ + ++ — Distal end only++ Sl++

Od = odontoblasts, DEZ dentino-enamel junction , S stratum intermedium.

into the potential function that these molecules play during tlyenotyped by PCR analysis using DNA isolated from a small
formation and mineralization of dental tissues, we report hetal biopsy as described by Chen et al. [22]. PCR products were
SLRP immunolabelings of predentin and dentin along with olbesolved by electrophoresis through 1.8% agarose gels yelding

servations made on BGN KO mice. bands that were 212 bp for wt BGN allele and 310 bp for targeted
BGN allele.

MATERIALS AND METHODS

Light and Electron Microscopic Immunolabelling Light Immunohistochemistry and Electron

of Rat Incisors Microscopy of KO Mice

The forming part of mandibular incisors of Sprague—Dawley BGN KO mice were killed 1 day after birth by decapitation
male rats (100 g body weight) was used for immunohistocheityith a razor blade, and mandibles were immersed in the fixative
ical visualization of GAGs and PGs. Investigations were carrig®lution. Mandibles were processed for light and electron mi-
out on the predentin and dentin of undemineralized rat incisof$0scopy as reported above. Tissues from wild-type mice were
fixed with paraformaldehyde and processed for conventiorglocessed simultaneously as controls. Undermineralized sec-
light microscopy. The nature of the molecules in the formingons of paraplast-embedded mouse mandibles were dewaxed
part of the incisors, and the specificity of the antibodies that weagd immunostained with anti-DCN, anti-BGN, and anti-FM an-
used, were confirmed by Western blotting. The immunostainiti§odies. Ultra-thin sections of Epon-embedded newborn mouse
was carried out with primary antibodies raised against anti-DGMNNtaining molars and incisors were stained with uranyl acetate
(LF-113), anti-BGN (LF-107), and anti-FM (LF-150) (generou@nd lead citrate and examined with a Jeol 100B transmission
gift from Dr Larry Fisher, CSDB, NIDCR, NIH, Bethesda, MD,€lectron microscope operating at 80 kV. Micrographs enlarged
USA) [19]. This was followed by incubation with the secondarft a final magnification of 54000 were used for direct measure-
antibody, a peroxidase-conjugated goat antimouse IgG (Dakent of collagen fibril diameter in the inner, central, and distal
AIS, Denmark). The immunoreactivity was detected with dthirds of predentin (about am each).
aminobenzidine diluted with PBS. Controls were carried out by
adsorption, using the antibody with the protein at appropriaRESULTS AND DISCUSSION
concentrations, and also by omitting the primary antibody.

After intracardiac perfusion of a glutaraldehydefmmunolabeling of GAGs and PGs
paraformaldehyde fixative, and low-temperature embedding in We have previously reported that immunostaining with 2B6,
Lowicryl, ultrathin sections were labeled with colloidalan anti-CS/DS antibody, reveals a decreasing gradient from the
gold/antibody complexes (10 nm diameter colloidal gold, Sigma
Chemical, St. Louis, MO, USA). The sections were stained wit
uranyl acetate and lead citrate and examined with a Jeol 10
transmission electron microscope operating at 80 kV. On micr
graphs enlarged to a final magnification of 54000, gold particles
were scored in 400 msquare areas (2 2 cm) in the proximal, Wild-type BGN KO
central, and distal predentin divided into three equal parts, and+n
metadentin [20]. Results were expressed in square micromef¥pximal predentin 16,3 1,0nm a 7,9+0,3 ar
of matrix. Central predentin 34,8 0,7nm b 47,3+£0,7nm b’ *

Distal predentin 36,£0,9nm ¢ 51,6+1,1nm ¢ **

TABLE 2
an value (followed by the standard error) of the diameter of
89IIagen fibrils in the proximal, central, and distal thirds of the
predentin of wild-type and BGN KO mice.

Generation and Genotyping of BGN Knockout Mice
All experiments were performed under an institutionally ap- :
. . *cvs.c': p <0.001.
proved protocol for the use of an.lmals n research (#NIDCR- >=The difference betweera vs. c is statistically significant
IRP-98-058 and 01-151). Mice deficientin BGN were generatqg < 0.001): but the difference betweel and ¢ is statistically
by gene targeting in embryonic STEM cells [21]. All mice werenonsignificant.

*a vs.a’ andbvs.b’: p <0.01.
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Figure 1. (a) Inawild-type (W) mouse molar, appearance of predentin (pd), metadentin (Md), and dentiaZc§@0). (b) In the BGN KO, in the mouse molar
predentin (pd), the spatial organization of collagen fibril is altered. Metadentin (Md) is porous, and dentin (d) has an heterogeneous aph6:888Lg¢) In

the BGN KO mouse, metadentin is larger than in the wild-type mouse, especially porous and hypomineralized. Dentin is formed by calcosphatédd)ysepar
thin and larger interglobular spaces54,000).
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proximal predentin toward the distal third [5, 6]. A reverse gradfibrils was smaller than in the rat incisor, and second, that fib-
ent is detected with 5D4, an antibody raised against KS (6). Ttibogenesis occurred mostly in the inner third of the predentin
increased KS labeling seen in the distal predentin near the mivith the average fibril diameter remaining constant in the cen-
eralization front is confirmed by using an anti-lumican antibodial and distal thirds. Interestingly, previous results have shown
lumican being a KSPG [6-8]. Because MMP-3 (stromelysin-ihat the average diameter of the collagen fibrils in the rat in-
is visualized at the junction between the inner and central pi@sor increased on a regular basis from the inner (20 nm) to
dentin [6], itis possible that the degradation of CS/DS facilitateke central (40 nm) and distal parts (55—75 nm) [13]. These
the access of KS to the outer predentin where events precediif(erences in collagen fibrillogenesis between the mouse mo-
mineralization occur. lar and the rat incisor are probably related to species differ-
Using antibodies raised against BGN and DCN of ratincisorsnces but also could be related to the fact that one is a con-
we have previously shown that biglycan displayed an unifortinuously erupting incisor and the other a molar of limited
distribution throughout predentin, whereas a threefold increag@wth.
was detected for gold-anti-DCN conjugates in the distal pre- In the BGN KO, immunostaining for decorin and fibromod-
dentin compared with the proximal and central parts [23]. Thdin was about the same as in wild-type mice, whereas BGN
decorin increase near the mineralization front suggests a redtaining was at a background level, confirming that BGN
tionship between this SLRP and dentin mineralization. Howvas not expressed in the dental tissues of the BGN KO
ever, this result is conflicting with the decreasing gradient ofice.
CS/DS observed with the 2B6 antibody, as decorin is known Ultrastructural studies of the first molar at day 1 from a BGN
to be a CS/DS PG. A possible explanation of the phenomenié® revealed that odontoblasts displayed a normal appearance.
is that decorin is deglycosylated during its transfer througf+in collagen fibrils and granules were observed in the inner
out predentin. Indeed, the protein core displays an increasimart of predentin. A quantitative analysis of fibril diameters es-
concentration toward the mineralization front, but a decreasetablished that the average diameter of the collagen fibrils in the
CS/DS chains as the glycan chains are degraded. In this contproximal third of the predentin was thinner in the BGN KO than
immunolabeling for MMP-3, immunodetected as a band at tliewild-type. In contrast, in the central and distal predentin, av-
junction between the inner proximal and central predentin, prerage fibril diameter was larger for the BGN KO than in the
vides data in favor of this hypothesis [6]. It is well documentedild-type mice (Table 2). Similarly to what was observed in the
that MMP-3 acts as a proteoglycanase [24, 25]. MMP-7 thatild-type, the average fibril diameter remained constant between
induces cleavage sites at the N-terminal where the GAG chélire central and distal parts of the predentin in the BGN KO. The
is attached to the protein core might be an alternative candiddecorin core protein inhibits collagen fibrillogenesis, and fibrils
for promoting such an event, if indeed present in predentin [26frmed in vitro in the presence of lumican and decorin are sig-
Alternatively, it is also possible that DCN in predentin is directlyificantly thinner that fibrils formed in the absence of proteogly-
synthesized as a protein and not as a proteoglycan, as in hurcam[28]. In contrast, fiboromodulin-null mice have thinner fibrils
skin [27]. in tail tendons than wild-type animals [29]. BGN is known to
Taken together, light and electron microscope immunostaimteract with type | collagen [30]. SLRPs are horseshoe-shaped
ing revealed a more complex organization of PGs in predentimlecules, help to stabilize collagen fibrils, and have been impli-
than previously suspected. It established not only the occurrermeged in orienting fibrillogenesis [31]. The present data demon-
of reverse gradients between CS/DS and KS, but also betweaémnate that the absence of BGN alters the collagen fibrillogenesis

CS/DS and decorin [3, 5, 6, 23]. in predentin.
Metadentin [20] was broadened and more porous in the BGN
Light Immunostaining of DCN, BGN and FM KO compared with the wild mouse (Figure 1). In circumpulpal

dentin, small and larger nodules did not merge, and numerous in-

The following new data were obtained with light microscop .
. . ) rglobular spaces gave a porous appearance to the dentin. The
immunostaining for DCN and BGN in newborn mouse. In day- . . . )
antle dentin, near the dentinoenamel junction, was also less

mouse molars, the distribution was similar to that observed for : . )
S . mineralized than in the wild-type mouse, and appeared more
the rat incisor, except that the DCN gradient reported above ! -
. . o erogeneous. These alterations are reminiscent of the age-
less obvious. Table 1 shows that the immunostaining for ea

of the three SLRP antibodies was intense in predentin, strongfendent osteopenia and an osteoporosis-like phenotype ob-

) L . ved in the BGN KO [21]. Taken together, our data support
in pre- and secretory ameloblasts, and also positive either at fhe . . . .
. ; . . € hypothesis that BGN plays animportant role in the formation
junction between ameloblasts and the stratum intermedium, or, ~° o .
. and mineralization of dentin.
in cells of the latter. It was weak, and roughly at backgroun
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